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Simulations of ultralight, ∼ 10−22 eV, bosonic dark matter exhibit rich wave-like structure, in-
cluding a soliton core within a surrounding halo that continuously self-interferes on the de Broglie
scale. We show here that as an inherent consequence, the soliton undergoes a confined random
walk at the base of the halo potential. This is significant for the fate of the ancient central star
cluster in Eridanus II, as the agitated soliton gravitationally shakes the star cluster in and out of
the soliton on a time scale of ∼ 100 Myr, so complete tidal disruption of the star cluster can occur
within ∼ 1 Gyr. This destructive effect can be mitigated by tidal stripping of the halo of Eridanus
II, thereby reducing the agitation, depending on its orbit around the Milky Way. Our simulations
show the Milky Way tide affects the halo much more than the soliton, so the star cluster in Eridanus
II can survive for over 5 Gyr within the soliton if it formed after significant halo stripping.
PACS numbers:
Introduction. A Bose-Einstein condensate of ultralight
bosons with mass m ∼ 10−22 eV has become a viable
interpretation of dark matter (DM) [1–8], often termed
fuzzy DM (FDM) or wave DM (ψDM). This has the
desirable effect of suppressing dwarf galaxies [9] as the
uncertainty principle counters self-gravity below the de
Broglie wavelength, and provides the same large-scale
structure as the standard cold DM model [7, 10].
Pioneering ψDM simulations have revealed pervasive,
wave-like structure, with a soliton core at the base of ev-
ery halo, surrounded by turbulent density fluctuations
that self-interfere [7, 11]. The soliton is a prominent
flat-topped overdensity comparing favorably with dwarf
galaxies [7, 12–14] but in tension with the HI based
smoothly rising rotation curves of more massive galaxies
[14–16]. The ambient density fluctuations are fully mod-
ulated, which may measurably heat stars [17–20]. Di-
rect Compton scale oscillations for pulsars residing within
dense solitons may also be detectable [21].
The existence of a central star cluster in the ultra-
faint dwarf galaxy Eridanus II (Eri II) provides a unique
probe for constraining DM models [22]. It has been sug-
gested that the gravitational heating from the oscillations
of soliton peak density should destroy the star cluster
completely for 10−21 eV . m . 10−19 eV [23]. In this
Letter, using self-consistent ψDM simulations, we show
that the central soliton exhibits random-walk behavior,
which can lead to complete tidal disruption of the star
cluster within ∼ 1 Gyr even for m ∼ 10−22 eV. This
problem is distinctly different and potentially more seri-
ous than the gravitational heating problem above.
Simulation setup. We follow the evolution of a star
cluster embedded in the center of a ψDM halo mim-
icking Eri II. For the halo component, we extract it
from a cosmological simulation [11] at redshift zero, with
a virial mass of Mvir ∼ 6 × 109 M and a radius of
rvir ∼ 50 kpc. It hosts a soliton with a half-density ra-
dius of rsol ∼ 0.7 kpc, an enclosed mass within rsol of
Msol ∼ 1 × 108 M, and a peak density of ρsol ∼ 3 ×
106ρ¯DM ∼ 0.1 M pc−3 where ρ¯DM ∼ 4 × 10−8 M pc−3
represents the mean DM density. The mass within 280 pc
is ∼ 1 × 107 M, consistent with Eri II that has a mass
of M1/2 = 1.2
+0.4
−0.3 × 107 M within a half-light radius of
r1/2 = 277±14 pc (corresponding to a velocity dispersion
of 6.9 km s−1) [24].
The central star cluster in Eri II has a mass of MEII ∼
2× 103 M, a half-light radius of rEII ∼ 13 pc, an age of
TEII & 3 Gyr, and a very shallow density profile [24, 25].
We model it by a Plummer sphere with a peak stellar
mass density of ρ∗,max ∼ 0.2 M pc−3 and a scale radius
of ∼ 20 pc. It corresponds to an enclosed mass within
rEII of ∼ 1× 103 M, consistent with observations. The
star cluster is self-bound since ρ∗,max > ρsol and its center
coincides with the soliton center initially.
The governing equation of ψDM is the Schro¨dinger-
Poisson equation [2],[
i
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∂
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2m2
∇2 − Vψ
]
ψ = 0, (1)
∇2Vψ = 4piGm|ψ|2, (2)
where ψ is the wave function, Vψ is the gravitational
potential, ~ is the reduced Planck constant, and G is the
gravitational constant. ρDM = m|ψ|2 gives the DM mass
density. We adopt m = 8 × 10−23 eV throughout this
work to be consistent with [7, 11].
To evolve ψDM and stars, we use the code GAMER
[26], which supports adaptive mesh refinement with hy-
brid parallelization. It employs an explicit second-order
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FIG. 1: Soliton random walk. (a)–(d) Projected DM density in a 4 kpc thick slab centered on the halo center of mass (CMhalo;
filled circle). Bright region (with a surface density & 50 M pc−2) represents the soliton. Offset between the halo and soliton
centers is manifest and constantly changing. (e) Separation between the halo and soliton centers (Rhs) as a function of time,
normalized to the characteristic length scale (rsol ∼ 0.7 kpc) and time scale (tsol ∼ 1× 102 Myr) of the soliton. Soliton random
motion exhibits similar length and time scales as rsol and tsol, respectively. These results are insensitive to the specific definitions
of centers, which we demonstrate with four different choices: (i) CMhalo, (ii) CM of high-density regions with ρDM > 10
4ρ¯DM
(CMhigh), (iii) positions of the soliton peak density (ρmax), and (iv) potential minimum (Vmin). The latter two closely follow
each other due to the massive compact soliton.
finite-difference method to solve Eqs. (1) and (2) [7] and
has been extensively applied to ψDM simulations (e.g.,
[7, 11, 27]).
We simulate a volume of size L = 250 kpc, with a root
grid N = 1283 and up to nine refinement levels. To re-
solve the ψDM halo and soliton, cells with ρDM > 10
lρ¯DM
are refined to level l + 1 for 0 ≤ l ≤ 3, leading to a
resolution of 0.12 kpc ∼ (1/6)rsol. Furthermore, to re-
solve the central star cluster, grid patches (each with 83
cells) containing more than 103 particles are refined, giv-
ing a maximum resolution of 3.8 pc . (1/3)rEII. This
high resolution makes time-steps as small as ∆t ∼ 150 yr
due to the stringent Courant-Friedrichs-Lewy condition
imposed by Eq. (1). The total number of collisionless
particles for sampling the star cluster is 2 × 105, corre-
sponding to a particle mass resolution of 3.6× 10−2 M.
We adopt isolated boundary conditions for gravity and
sponge boundary conditions for wave function. We have
validated the numerical convergence of all the presented
results by adjusting the spatial resolution by up to a fac-
tor of 4 and the particle mass resolution by a factor of
10. We have also confirmed that an isolated star cluster
without a ψDM halo is stable over a Hubble time in our
simulations.
Isolated ψDM halo. We start by simulating an iso-
lated system by ignoring the tidal field of the Milky
Way. Fig. 1 shows the motion of the central soliton,
revealing a confined Brownian (random-walk-like) mo-
tion at the base of the halo potential. This random mo-
tion exhibits a characteristic length scale similar to the
soliton radius rsol and a time scale comparable to the
oscillation period of the soliton wave function, tsol ∼
120(ρsol/0.1 M pc−3)−1/2 Myr ∼ 120 Myr. These re-
sults are insensitive to the definitions of halo and soliton
centers (as shown in Fig. 1), and the drift of the halo
center of mass caused by numerical errors is found to
be of order 10−2rsol, indicating that this soliton random
motion is not a numerical artifact.
The star cluster can be treated as a tracer of the soli-
ton as the latter is five orders of magnitude more massive.
The characteristic free-fall time of a star cluster located
just outside the soliton is tff ∼ (Gρsol)−1/2 ∼ 50 Myr,
smaller but comparable to tsol. It suggests that the star
cluster can only loosely trace the random motion of soli-
ton, resulting in a maximum separation between them,
denoted as Rcs, of order rsol. Fig. 2(a)–(d) illustrates this
feature.
This large separation can have a great impact on the
survival of the star cluster due to tidal stripping, as
shown below. The soliton density profile features a flat
core within ∼ rsol and a steep outer gradient. So, for
Rcs > rsol, a star at a distance r∗ to the star cluster center
will be subject to a tidal field ftidal ∼ 2GMsolr∗/R3cs ∝
R−3cs , assuming r∗  Rcs. For Rcs < rsol, the star cluster
3(a) t = 0.0 Gyr
1 kpc
(b) t = 0.3 Gyr
(c) t = 0.8 Gyr (d) t = 1.4 Gyr
10 5
10 4
10 3
10 2
10 1
100
Pr
oj
ec
te
d
*
[M
pc
2 ]
10 2 10 1 100
r [kpc]
10 5
10 4
10 3
10 2
10 1
*
[M
pc
3 ]
rEII(e)
t = 0.0 Gyr
t = 0.3 Gyr
t = 0.8 Gyr
t = 1.4 Gyr
Soliton
0.00 0.25 0.50 0.75 1.00 1.25
t [Gyr]
10 3
10 2
10 1
100
M
*,
r E
II(t
)/
M
*,
r E
II(0
)
(f)
FIG. 2: Tidal stripping of a star cluster caused by soliton random walk. (a)–(d) Projected stellar mass density in a 4 kpc
thick slab centered on the initial center of the star cluster. Contours indicate the soliton boundaries (∼ rsol) where the DM
density drops by half. Although the star cluster and soliton centers coincide at the beginning by design, the soliton random
motion quickly results in a separation between them of order rsol, leading to a large tidal field that disrupts the star cluster
(see text for details). (e) Stellar density profiles. The dash-double-dot line shows a soliton profile for comparison. The vertical
(dash-dash-dot) line indicates the half-light radius (rEII) of the central star cluster in Eri II. (f) Enclosed stellar mass within
rEII as a function of time, normalized to its initial value. The star cluster loses ∼ 99% of its original mass after ∼ 1 Gyr.
will be compressed instead of tidally stripped. Therefore,
tidal stripping is most effective when Rcs ∼ rsol, which
is exactly what happens here. We can assess the signif-
icance of the tidal field at r∗ by computing the ratio of
ftidal to the star cluster self-gravity f∗,
ftidal
f∗
' 3
2pi
Msol
ρ∗,maxR3cs
' 2 ρsol
ρ∗,max
' O(1), (3)
where ρsol ∼ 0.1 M pc−3 and ρ∗,max ∼ 0.2 M pc−3 as
described earlier. The fact that this ratio is of order unity
and independent of r∗ suggests that the entire star cluster
is marginally stable and vulnerable to tidal disruption
after t tff .
This expectation is confirmed in Fig. 2(e) and (f),
showing that the star cluster loses ∼ 90% and 99% of its
original mass within rEII after ∼ 0.7 and 1 Gyr, respec-
tively. This disruption time scale is noticeably shorter
than TEII and can potentially present a serious challenge
for ψDM, which we refer to as the cluster-stripping prob-
lem. Nevertheless, in the following, we shall further show
how the Milky Way tides may alleviate this problem by
reducing the halo agitation of the soliton.
Tidally disrupted ψDM halo. Satellite galaxies of the
Milky Way are subject to its tidal field. Eri II, although
currently at a Galactocentric distance of ∼ 370 kpc, may
be on its second or third orbit around the Milky Way
with an infall time of ∼ 4 − 10 Gyr ago and a periapsis
of ∼ 100 − 200 kpc [24]. The question naturally arises
as to whether the Milky Way tides can affect the soliton
random motion, and thus the survival of the central star
cluster in Eri II.
Modeling the exact tidal stripping process of Eri II re-
quires detailed information about its orbital parameters,
which unfortunately still suffers from large uncertainties
[28, 29]. As a proof-of-concept study, we adopt a circular
orbit of radius RMW = 100 kpc for the satellite galaxy
and a point mass of MMW = 1 × 1012 M to approxi-
mate the tidal field of the Milky Way. To speed up the
simulations, we choose a moving non-rotating coordinate
system, with the Milky Way center orbiting the coordi-
nate origin that coincides with the center of mass of the
satellite halo, in order to get rid of the small wavelength
in ψ associated with the high orbital velocity. Assum-
ing r  RMW, where r and RMW(t) are the position
vectors of a simulation cell and the Milky Way center,
respectively, the tidal potential can be approximated as
Vtidal(r, t) ' GMMW
2R3MW
[
r2 − 3
(
r ·RMW(t)
RMW
)2]
. (4)
The total potential is given by Vtot = Vψ + Vtidal. We
evolve the system for 9 Gyr.
Fig. 3 shows the tidal stripping process of a satel-
lite halo. The halo surrounding the central soliton is
found to be vulnerable to tidal disruption; the density
at r & 3 rsol decreases by more than an order of mag-
nitude after ∼ 2 Gyr. In comparison, the soliton, which
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FIG. 3: ψDM halo subject to the tidal field of the Milky Way. The halo has a circular orbit of radius 100 kpc and a period
of ∼ 3 Gyr. (a)–(d) Projected DM density in a 50 kpc thick slab centered on the soliton (bright region with a surface density
& 50 M pc−2). (e) Halo density profiles. (f) Halo enclosed mass profiles normalized to the initial profile. The vertical (dash-
double-dot) line indicates the soliton radius rsol. The soliton remains intact during the entire simulation period (9 Gyr) while
the outer region (r & 3 rsol) is tidally disrupted after a few Gyr.
is strongly gravitationally bound, is resilient to tidal dis-
ruption and stays intact during the entire simulation pe-
riod, which ensures consistency with the observational
constraint M1/2 ∼ 1× 107 M.
During the tidal stripping of the halo, the soliton ran-
dom motion is significantly diminished. Fig. 4(a) shows
the separation between the halo and soliton centers as a
function of time, where we define the halo center as the
center of mass of high-density regions (ρDM > 10
4ρ¯DM)
to exclude the stripped material. The separation, nor-
malized to rsol, reduces from O(1) to O(10−2) after
∼ 5 Gyr. This result is not surprising given that the soli-
ton becomes increasingly dominant as the halo is being
stripped.
In Fig. 4(b), we assess how the above findings affect the
cluster-stripping problem by conducting four simulations
and in each of them, we add the central star cluster at a
different epoch, t0 = 0, 2, 3, 4 Gyr. We find that the later
the star cluster is added, the more stable it is, because
the tidal field induced by soliton random motion becomes
weaker over time. For t0 = 0, the result is almost identi-
cal to the case without considering the Milky Way tides
(see Fig. 2) since the tidal disruption time scale of the
star cluster (. 1 Gyr) is shorter than that of the halo
(∼ 2 − 4 Gyr). In comparison, for t0 = 4 Gyr, at which
the ambient medium of soliton has been largely stripped
away (see Fig. 3), the star cluster can stay intact through-
out the remaining simulation time in 5 Gyr. This period
is longer than TEII and thus free of the cluster-stripping
problem.
Concluding remarks. We have reported a cluster-
stripping problem specific to dwarf galaxy-sized ψDM
halos hosting a central star cluster, such as Eri II. Our
unprecedentedly high-resolution simulations reveal, for
the first time, random-walk-like behavior in the soliton
core. This can displace the star cluster slightly outside
the soliton radius (rsol), leading to efficient disruption of
the star cluster due to the soliton tidal field.
As a possible solution, we have further demonstrated
that if Eri II is bound to the Milky Way, the tidal field
of the Milky Way may readily disrupt the outer part of a
ψDM subhalo, leaving the relatively dense soliton intact.
In this case, the amplitude of soliton random motion de-
clines significantly, and so a star cluster forming centrally
after substantial halo removal can survive much longer.
More accurate proper motion measurements of Eri II in
the future will help clarify this possibility.
We emphasize that the ψDM halo adopted here, which
is consistent with the average DM density of Eri II, is di-
rectly extracted from a cosmological simulation with m ∼
1×10−22 eV [11]. Therefore, it appears to undermine the
claim that Eri II cannot form for m . 8×10−22 eV based
on the subhalo mass function [23], which likely underes-
timates the total halo mass by one to two orders of mag-
nitude compared to our simulations. Our study also con-
firms that the star cluster heating due to the oscillations
of soliton peak density is irrelevant for m ∼ 1× 10−22 eV
[23].
The soliton peak density scales as ρsol ∝ m−2r−4sol [11]
and we adopt rsol > r1/2, ρsol ∼ ρ∗,max, and m = 8 ×
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FIG. 4: Soliton random walk and the resulting tidal strip-
ping of a central star cluster under the influence of the Milky
Way potential. (a) Separation between the halo and soliton
centers due to soliton random walk, similar to Fig. 1(e). The
amplitude of random motion declines significantly as the halo
being tidally disrupted by the Milky Way tides (see Fig. 3).
(b) Enclosed stellar mass within rEII normalized to its ini-
tial value, similar to Fig. 2(f). We add a star cluster at four
different epochs (t0). For each case, the horizontal axis is
shifted by t0 for better comparison. Clearly, the later the star
cluster is added, the more stable it is, because the random
motion becomes smaller over time and so does the induced
tidal field. For t0 = 4 Gyr, the star cluster can remain intact
for more than 5 Gyr, longer than the estimated minimum age
of the central star cluster in Eri II (∼ 3 Gyr), thus evading
the cluster-stripping problem.
10−23 eV. For m . 5× 10−22 eV, a soliton of a fixed ρsol
can still satisfy the constraint M1/2 ∼ 1 × 107 M since
rsol & r1/2. So the tidal field remains roughly the same
(Eq. (3)). For even larger m, rsol < r1/2 with a fixed ρsol
and thus ρsol must increase, resulting in more efficient
tidal stripping assuming the amplitude of random motion
remains ∼ rsol.
To test ψDM using solitons, it would be important
to consider its random motion reported here. Examples
include the dynamical friction and core stalling in dwarf
galaxies [8, 30, 31], the galactic rotation curves [14–16],
and the excess mass in the Milky Way center [32–34].
But it remains to be investigated how soliton random
walk changes with halo mass.
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